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Abstract 
Synthesis and Characterization of Vinyl Ester Based Room 
Temperature Ionic Liquid Gels for Membrane Applications 
Brian A. Merritt 
Giuseppe R. Palmese, Ph.D. 
 
 
 
Fuel cells have the potential for improved efficiency at elevated temperatures, but 
are restricted to operating at temperatures below 100°C due to the limitations of the 
proton exchange membrane (PEM).  The PEM in fuel cells acts both as a medium for 
proton conduction and as a barrier between the fuels, requiring high ionic conductivities 
and mechanical strength.  Work has been ongoing to maintain both mechanical integrity 
and conductivity of PEMs at higher temperatures, through numerous means, including 
the incorporation of room temperature ionic liquids (RTIL).  RTILs offer the unique 
advantage of having negligible volatility, which potentially allows them to maintain ionic 
conductivity at high temperatures. 
A cross-linked polymer network was formed in an RTIL medium.  The 
difunctional monomer, Vinyl Ester of Diglycidyl Ether of Bisphenol A (VE-DGEBA) 
was reacted with the monofunctional monomer 2-Acrylamido-2-Methyl-1-
Propanesulfonic Acid (AMPS) in the presence of an RTIL, 1-Ethyl-3-Methylimidazolium 
Ethyl Sulfate [EMIM][EtSO4].  Attenuated Total Reflectance-Fourier Transform Infrared 
Spectroscopy was used to show the complete conversion of carbon-carbon double bonds 
in ~13 hours.  Dynamic Mechanical Analysis (DMA) frequency sweeps showed the 
presence of multiple micro-scale phases, which was confirmed through Scanning 
Electron Microscopy.  DMA temperature sweeps showed glass transition temperatures 
(Tg) ranging from -80°C to 5°C, with second Tgs ranging from -54°C to 64°C.  Quasi-
xi 
 
 
static compressive testing showed compressive moduli ranging from 2 MPa to 1127 MPa.  
Electrochemical impedence spectroscopy showed through-plane ionic conductivities for 
dry gels ranging from 4.38·10-11 S/cm to 1.54·10-3 S/cm for samples with ion exchange 
capacities (IEC) ranging from 1 mol/L to 5 mol/L.  Thermogravimetric analysis showed 
good thermal stability, with decomposition temperatures at 5% weight loss ranging from 
208°C to 274°C, and environmental testing showed irreversible loss of RTIL and 
property changes when samples were submersed in deionized water. 
Effort was made to improve the properties of the ILG by preparation of a semi-
interpenetrating network (sIPN).  This was produced by forming the ILG around Poly-(2-
Acrylamido-2-Methyl-1-Propanesulfonic Acid).  It was found that this sample showed 
similar properties to the other ILGs, with a primary Tg of -28.2°C and a second Tg at 
17.44°C.  The compressive modulus of this sample was found to be 85.89 MPa, the ionic 
conductivity was 1.41·10-5 S/cm for an IEC of 2.74 mol/L, and the thermal 
decomposition temperature was found to be 215.2°C.  The notable improvement over 
samples lacking Poly-AMPS was a decrease in brittleness.   
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Chapter 1: Introduction 
 
1.1  Motivation 
 
Proton Exchange Membrane Fuel Cells (PEMFCs) are an important alternative 
energy consideration that have gained considerable attention in recent years, particularly 
for electronics and transportation services1,2,3,4,5,6.  They offer numerous benefits when 
compared with conventional battery technology and internal combustion engines, most 
notably improved efficiency, rapid startup, replenishable fuel, and the potential to be a 
zero-emission technology1, 7 .  Fuel cells act to convert chemical energy into usable 
electrical energy and feature a membrane electrode assembly comprised of two gas 
diffusion layers, two catalysts, and a proton exchange membrane (PEM), a schematic of 
which is shown below, in Figure 1. 
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Figure 1:  Schematic of a PEMFC 
 
 
 
The MEA serves to split chemical fuel, forcing electrons through an external 
circuit.  To prevent charge buildup, protons must be conducted through the PEM, after 
which they recombine with electrons and oxygen to produce water.  Table 1 shows the 
half-cell reactions for a hydrogen fuel cell.  
 
 
 
 
Table 1:  Half-cell Reactions for Hydrogen Fuel Cell 
Anode: ܪଶ ՜ 2ܪା ൅ 2݁ି ܧ଴  ൌ   0ܸ 
Cathode: 1
2
ܱଶ  ൅ 2ܪା ൅ 2݁ି ՜ 2ܪଶܱ ܧ଴ ൌ   1.229ܸ 
Overall: ܪଶ ൅
1
2
ܱଶ ՜ 2ܪଶܱ ܧ଴ ൌ   1.229ܸ 
 
3 
 
 
Despite the advantages of the technology, there are numerous limitations 
impacting efficiency: fuel crossover, poor catalyst activity, poor water management, 
temperature limitations, etc.  Fuel impurities, particularly carbon monoxide, entering 
PEMFCs can poison the catalysts1,8,9 and often cause permanent damage to the MEA.  
Work has been done to avoid this issue through improved catalysis8,9, 10  or through 
pretreating fuel streams9 to remove CO, which can be costly.  The effects of CO 
adsorption on the catalyst are lessened at higher temperatures, but traditional PEMs 
cannot withstand temperatures above 100°C. 
  Numerous demands are placed on the PEM - acting as a barrier between the 
fuels and conducting protons but not electrons, the PEM must have high mechanical 
strength and ionic conductivity, but be electronically insulating11,12.  The most studied 
PEM, Nafion®, serves as the benchmark for performance.  Shown in Figure 2, Nafion® is 
a perfluorinated polymer that derives proton conductivity from the sulfonic acid 
functional group located on side groups2, 13 .  When the membrane is exposed to 
sufficiently high water content, this group dissociates to produce SO3- and H3O+ proving 
excellent for proton conduction.  
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Figure 2:  Chemical Structure of Nafion® 
 
 
 
Since Nafion® requires water to hydrolyze and conduct protons, there is an 
obvious temperature limitation for PEMFCs – these membranes traditionally only 
maintain good performance for temperatures < 90°C14.  Work has been done to improve 
the properties of the PEM – employing sulfonated aromatic backbones13, doping with 
inorganics12,15, making surface modifications to Nafion® 8, incorporating morphological 
capillary action to improve water retention16, etc. – but most are to limited effect.  These 
still tend to rely on water for ionic conduction, obviating the need for a means of 
developing PEMs that can maintain good mechanical properties and ionic conductivity at 
temperatures well above 100°C. 
 
 
1.2  Room Temperature Ionic Liquids 
 
Discovered at the beginning of the 20th century, room temperature ionic liquids 
(RTILs) have gained considerable attention in recent years as a versatile class of liquid 
organic salts that lend themselves to numerous applications17.  These organic salts are too 
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bulky to crystallize at ambient conditions, have highly tunable chemistries, and offer 
numerous unique properties – high ionic but low electronic conductivities, high polarity, 
good thermal and chemical stability, high heat capacity, and remarkably low vapor 
pressures, to name a few.  These properties have given RTILs a wide range applications 
including as novel solvents for green chemistry 18 , thermally latent initiators for 
polymerization19, as a means for depolymerization of waste plastics20, in batteries18, 
capacitors21, actuating membranes22,23,24, and membranes for selective separations25. 
For their negligible vapor pressures and high ionic conductivity, RTILs have 
gained attention for use in PEMs.  Work has been done to incorporate RTILs into 
unhumidified polymer electrolyte membranes for use in PEMFCs, which proves to be a 
promising means of balancing the mechanical, thermal, and ionic conductivity needs of a 
proton exchange membrane26,27,28,29,30,31. 
 
 
1.3  Ionic Liquid Gels 
 
  Room temperature ionic liquids have proven themselves to be excellent solvent 
media for polymerizations18, often serving to enhance polymerization rates and extents of 
reaction as compared to traditional VOCs32.  Polymer gels formed through reactive 
encapsulation of a solvent can lend certain properties of the solvent to the polymer 
network encompassing them.  These can be used to produce porous membranes after 
solvent extraction33,34 or can be used as solvent gels for a wide array of applications.  
Ionic liquid gels (ILG), or ionogels, are polymer gels for which RTILs serve as the 
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solvent encapsulated during polymerization.  Cross-linked ionic liquid gels provide the 
benefits of RTILs – high ionic conductivity, negligible volatility, etc. – and the benefits 
of cross-linked polymer networks – high thermal stability, good mechanical properties, 
etc. – with highly tunable properties for applications in solid-state electronics. 
 
 
1.4  Phase behavior 
 
Work has been done that shows the effect of phase behavior on membrane 
properties.  A common means of tackling the membrane limitations of PEMFCs is the 
application of hydrophobic and hydrophilic regimes in a variety of combinations - block 
and random copolymers, polymer blends, etc. 2,11,13,35.  When considering such regimes, 
phase behavior needs to be taken into consideration; work has shown that inclusion of 
ionic moieties can result in the formation of micellar structures 36 , 37 , 38 .  These 
morphological features can have a significant impact on water retention16, conductivity39, 
and mechanical properties of PEMs and need to taken into consideration for membrane 
characterization. 
 
 
1.5  Overview 
 
 The goal of this research project is to polymerize cross-linked ionic liquid gels for 
membrane applications requiring high mechanical strengths.  In an effort to develop 
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membranes with high sulfonic acid content and a resistance to temperature, a cross-
linking monomer known for high thermal stability is copolymerized with a linear 
monomer containing the sulfonic acid group to reactively encapsulate an RTIL 
structurally similar to the linear monomer.  Additionally, the possibility of improved 
membrane properties through the application of a structurally similar semi-
interpenetrating polymer network (sIPN) is investigated. 
 Chapter 2 discusses the synthesis of these ILGs, the reagents employed and the 
synthesis procedure, the formulations available for testing, and the impact of water on 
phase separation and gel processing.  The following chapter, Chapter 3, discusses the 
testing of these gels.  The methodology for testing is covered, as well as a summary of 
the results and properties of the ILG tested for this project.  Finally, Chapter 4 
summarizes the conclusions of this study and discusses areas for further development of 
this project. 
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Chapter 2: Synthesis of Cross-linked Ionic Liquid Gels 
 
2.1  Background 
 
 As previously discussed, there is a need for a membrane that can adequately serve 
the needs of PEMFCs.  Such a membrane would require mechanical strength and high 
ionic conductivity while in unhumidified environments at elevated temperatures.  The 
goal of this research project is to investigate one potential solution for this need – cross-
linked ionic liquid gels.    
 For this research, Vinyl Ester of Diglycidyl Ether of Bisphenol A (VE-DGEBA), 
a highly studied cross-linking agent known for its thermal stability and good mechanical 
properties40,41,42,43, is employed.  The linear monomer 2-Acrylamido-2-Methyl-1-Propane 
Sulfonic Acid (AMPS) is covalently bonded to this, a monomer which has been 
previously investigated for applications in PEMs44.  Previous work has investigated the 
copolymerization of VE-DGEBA and AMPS for applications in PEMFCs with promising 
results34.  For this study, the polymerization takes place in a mutual solvent, 1-Ethyl-3-
Methylimidazolium Ethyl Sulfate ([EMIM][EtSO4]), an RTIL chosen for its functional 
similarity to the AMPS monomer.  A schematic of the resulting gel structure is shown in 
Figure 3, below.  
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monomer, 2-Acrylamido-2-Methyl-1-Propane Sulfonic Acid (AMPS, 99%, Sigma 
Aldrich) and the RTIL 1-Ethyl-3-Methylimidazolium Ethylsulfate ([EMIM][EtSO4], ≥ 
95%, Fluka) were used as received.  The free radical initiator for polymerization, Cumene 
Hydroperoxide (Trigonox 239a, Akzo Chemical), was stored at room temperature until 
needed.  Figure 4, below, shows the chemical structures of the reagents employed in the 
production of the ionic liquid gels.  
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2.2.2  Ionic Liquid Gel Synthesis Procedure 
 
Preparation of the ionic liquid gels occurred in multiple stages.  The AMPS 
monomer, as received, is a crystalline solid and needed be added to [EMIM][EtSO4] in 
the desired ratio and mixed thoroughly.  Due to interactions with water, it has been 
shown that the AMPS monomer will not dissolve in [EMIM][EtSO4] until all water in the 
mixture has been removed46.  Using a Schlenk line, AMPS and RTIL mixtures were 
purged with nitrogen to prevent oxidation and placed under vacuum.  The mixtures were 
also continuously agitated to facilitate dissolution and heated to a temperature of ~125°C 
so as to drive off water.  Upon full solvation of the AMPS monomer, the solutions were 
allowed to cool to room temperature before being mixed thoroughly with the VE-
DGEBA monomer and the Trigonox 239a initiator.  Trigonox 239a was added at a ratio 
of 1 mol initiator per 80 mols reactive vinyl groups.  The polymer solutions were then 
degassed at room temperature in the antechamber of a glove box under low pressure, 
which served to both remove air bubbles and reduce the impact of water on the solubility 
of the AMPS monomer.  The solution consisting of [EMIM][EtSO4], AMPS, VE-
DGEBA, and Trigonox 239a was heated to 80°C under the dry (≤150 ppm H2O) inert 
nitrogen atmosphere of a glove box and allowed to polymerize for approximately thirteen 
hours.  Resulting RTIL gels were stored at room temperature in a glove box prior to 
testing. 
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2.3  Sample Formulations 
 
2.3.1  Parameter Space 
 
It has been previously shown that the AMPS monomer has limited solubility in 
[EMIM][EtSO4], with a maximum on the order of 0.3 mol AMPS per mol solution at 
65°C.  This presents an upper limit to the amount of AMPS that can be incorporated into 
ionic liquid gels employing [EMIM][EtSO4] as the solvent for polymerization.  It was 
found that the VE-DGEBA monomer has full miscibility in [EMIM][EtSO4] at 80°C: 
barring autopolymerization, a water-free solution of VE-DGEBA and [EMIM][EtSO4] 
remains as a single phase upon mixing.  These limits in combination with a minimum 
VE-DGEBA concentration for fully cross-linked gels defined the operable parameter 
space.  On a ternary plot defining VE-DGEBA, [EMIM][EtSO4], and AMPS content, this 
space appears as in Figure 5, below.  
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Figure 5:  Operable Parameter Space 
 
 
 
It is desirable to know the effect of each individual species on the properties of 
the ionic liquid gels.  As such, thirteen formulations were chosen so as to give several 
paths for determining the effect of each individual component, holding the ratio of the 
other two components constant.  The exact molar and mass compositions and ratios of 
these formulations can be seen in Table 2 and Table 3, and these appear graphically on a 
ternary plot in Figure 6. 
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Table 2:  Formulation Compositions - Molar Basis 
 
 
 
 
Table 3:  Formulation Compositions - Mass Basis 
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Figure 6:  Ternary Plot Showing Molar Compositions of Various Formulations 
 
 
 
A study was performed to verify the miscibility of these formulations at the 
desired cure temperature.  Each of these formulations were produced without initiator and 
were maintained under a dry inert environment at 80°C for a period of several days.  It 
was observed that these solutions remained single phase prior to autopolymerization, 
verifying the compatibility of these components for ionic liquid gel production. 
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2.3.2  Effect of Water 
 
As previously discussed, the presence of water in the solution can significantly 
impact the phase behavior.  The production of any of these gels requires that the 
crystalline AMPS monomer be first dissolved into [EMIM][EtSO4].  These two 
components are extremely hydrophilic, are fully miscible with water, and have been 
shown to form strong hydrogen bonds with water.  When present in sufficiently high 
concentrations, water will act as a mutual solvent for both components, producing single 
phase solutions.  However, this is undesirable for processing ionic liquid gels with the 
hydrophobic cross-linking monomer VE-DGEBA.  At low water concentrations, it was 
found that the two reagents have a higher affinity for water than each other.  As such, 
AMPS dissolution in [EMIM][EtSO4] cannot occur until water has been sufficiently 
removed, requiring elevated temperatures and reduced pressure.  Upon complete 
dissolution, a dry solution will maintain AMPS in solution at room temperature for 
sufficiently long times to allow for gel processing as well as indefinitely at 80°C.  
However, if AMPS-[EMIM][EtSO4] solutions are left exposed to the atmosphere, they 
will hygroscopically absorb water and AMPS will precipitate from solution.  It should 
also be noted that this process will also occur after mixing with VE-DGEBA.  However, 
phase separated AMPS crystals will remain suspended in the body of the mixture due to 
the high viscosity of VE-DGEBA (~105 cPs)40.  
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2.4  Results and Discussion 
 
Ionic liquid gels produced in this study through the copolymerization of VE-
DGEBA with AMPS in the presence of [EMIM][EtSO4] have a wide array of physical 
properties, an extensive discussion of which can be found in Chapter 3.  Free radical 
polymerization of ionic liquid gels in this study used Trigonox 239a as an initiator, a 
thermally decomposing peroxide in solvents.  The resulting gels have a pungent odor 
characteristic of Trigonox 239a. 
 All ionic liquid gels produced in this study are green in color, a direct product of 
the green color of AMC-2, used as a catalyst in the methacrylation of DGEBA to produce 
VE-DGEBA.  Gels produced with high VE-DGEBA content have a darker green color, 
while samples with high room temperature ionic liquid content appear yellow green, 
attributable to the yellow color of [EMIM][EtSO4] and AMPS-[EMIM][EtSO4] solutions.  
Samples produced without AMPS can also appear brown.  Most samples are transparent, 
while some exhibit mild phase separation during polymerization and appear translucent.  
One notable exception is Formulation 1, which is completely opaque.  This sample is 
produced without AMPS and has a high [EMIM][EtSO4] concentration (x[EMIM][EtSO4] = 
0.9), which results in a gel subsisting in two phases, a polymerized network rich in VE-
DGEBA and an interstitial fluid rich in [EMIM][EtSO4].  A picture of all formulations is 
available in Figure 19, available in Appendix A on page 48. 
Due to the hydrophilicity of the linear monomer and room temperature ionic 
liquid employed for these gels, water has a significant impact on their properties.  Gels 
with sufficiently high RTIL content will absorb water from the atmosphere, forming 
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beads of liquid on exposed surfaces.  This sweating process irreversibly pulls ionic liquid 
out of the gels, effectively altering their composition.  This would have an impact on the 
mechanical properties of these gels as well as their ionic conductivity, and necessitates 
storing gels in an environmentally controlled manner prior to testing. 
While the processing procedure for these VE-DGEBA based ionic liquid gels is 
repeatable and produces gels with high quality, a more rigorous investigation into the 
properties of the gels is necessary.  A wide range of properties are available due to the 
flexibility in composition provided by the large operable parameter space, and are 
discussed further in Chapter 3. 
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Chapter 3: Characterization of Ionic Liquid Gel Properties 
 
3.1  Introduction 
 
The previous chapter discussed reagents and synthesis procedure for ILGs 
involved in this study.  The formulations developed for this investigation were presented 
and the effects of water on gel processing and finished ILGs were discussed.  This 
chapter focuses on testing procedures and results for viscoelastic, mechanical, ionic 
conductivity, and environmental testing of the resulting ILGs.  These properties are 
presented in the context of the effects of individual gel components as well as phase 
behavior effects. 
 
 
3.2  Experimental:  Equipment and Procedures 
 
 3.2.1  Attenuated Total Reflectance-Fourier Transform Infrared 
Spectroscopy (ATR-FTIR) 
 
A Nicolet® Magna-IR 560 Spectrometer with a ZnSe crystal was employed in 
attenuated total reflectance mode to verify complete conversion at 65°C, as determined 
through depletion of the carbon-carbon double bond peak visible at 1630 cm-1.  An 
unreacted reagent mixture was placed on the cleaned ZnSe crystal and was maintained at 
reaction temperature using a temperature-controlled water bath.  Spectra were collected 
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in the range of 650 to 4000 cm-1 in real time during the course of polymerization and 
analyzed to view depletion of the 1640 cm-1 peak.  Fractional conversion with time was 
determined through comparing the 1640 cm-1 peak area with its initial area.  The 
composition of the sample tested is as described in Table 4, below: 
 
 
 
Table 4:  Composition of Sample Tested in ATR-FTIR 
 
 
 
 
 3.2.2  Differential Scanning Calorimetry 
 
A TA instruments DSC Q2000 differential scanning calorimeter was used to 
verify complete conversion of RTIL gels.  A known mass of resin samples cured 
following the procedure described previously were allowed to equilibrate at -90°C for ten 
minutes, then were heated at a rate of 10°C/min to 150°C.  Complete conversion was 
determined through the absence of any residual exotherm for these samples. 
 
 3.2.3  Dynamic Mechanical Analysis 
 
  3.2.3.1  Temperature Ramp 
 
A TA instruments DMA Q800 dynamic mechanical analyzer was used to observe 
the viscoelastic behavior of ILGs.  Samples with approximate dimensions of 35 mm x   
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12 mm x 3.0 mm were tested in multi-frequency strain mode using a dual-cantilever 
clamp.  To determine Tg, samples were cooled using liquid nitrogen to -135°C then 
ramped to 150°C at a heating rate of 2.0°C/min while oscillated at a frequency of 1.0 Hz 
and an amplitude of 7.5μm.  The Tg of each sample was taken to be the temperature of 
maxima in loss modulus peaks. 
 
  3.2.3.2  Frequency Sweep 
 
A TA instruments DMA Q800 dynamic mechanical analyzer was used for a more 
rigorous determination of the identity of viscoelastic transitions.  A sample of 
approximate dimensions 35mm x 12mm x 3.0mm was allowed to equilibrate at -110°C 
before the frequency of oscillation was swept through 0.10, 0.30, 1.00, 3.00, 10.00, 30.00, 
and 50.00 Hz.  This process was repeated at 3°C increments between -110°C and 100°C.  
The nature of viscoelastic transitions was determined through the activation energy for 
the transition – α-transitions were taken for activation energies higher than 100 kJ/mol 
and β-transitions were taken for activation energies lower than 100 kJ/mol47. 
 
 3.2.4  Elastic Modulus in Compression 
 
An Instron 8871 was used in compression mode to observe the compressive 
modulus of the RTIL gels.  As per ASTM D695-02a48, samples with thickness no more 
than double the diameter were compressed quasi-statically, at a displacement rate     
~0.01 mm/sec as determined by the initial sample thickness divided by 1000.  Stiffer 
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samples were lubricated with silicone grease for testing to prevent barreling, while 
characteristically soft samples were lubricated using olive oil.  The compressive modulus 
(Ec) of samples tested was determined from the slope of the linear portion of its 
compressive stress vs. strain curve.  All samples were tested at room temperature. 
 
3.2.5  Proton Conductivity 
 
 A Solartron AC impedence system (1260 impedence analyzer, 1287 
electrochemical interface, Zplot software) was used to measure ionic conductivity of 
ILGs through electrochemical impedence spectroscopy.  Through-plane resistance of 
membranes was measured using 1.22 cm2 stainless steel electrodes, and was taken to be 
the real intercept of impedence data, as described elsewhere6.  All ionic conductivity 
membranes were taken at room temperature on dry ILGs.  Table 5 describes the applied 
voltage and frequency range employed for ionic conductivity testing. 
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Table 5:  Applied Voltage and Frequency Range for Ionic Conductivity Testing 
 
 
 
 
3.2.6  Thermogravimetric Analysis 
 
A TA instruments TGA Q50 was employed to determine decomposition profiles 
of formulations prepared in this study.  Dried samples of known mass (~10 mg) were 
heated at a rate of 10°C/min to 700°C.  All samples were heated in air flowing at a rate of 
10 mL/min. 
 
3.2.7  Scanning Electron Microscopy 
 
SEM micrographs were obtained using an environmental field emission scanning 
electron micrograph (FE-SEM model XL30 ESE FEG).  Dried samples were fractured in 
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liquid nitrogen and fracture surfaces were sputter coated with platinum to improve 
conductivity.  SEM micrographs of fracture surfaces were taken at room temperature. 
 
3.2.8  Environmental Response 
 
Samples were cut into small, flat, rectangular sections and placed in deionized (DI) 
water at room temperature for a period of days.  Observations were made as samples 
were allowed to equilibrate in water. 
 
 
3.3  Results and Discussion 
 
 3.3.1  Reaction Conversion 
 
As previously discussed, polymerization of VE-DGEBA and AMPS occurs via 
free-radical polymerization, during which reactive vinyl groups are converted into 
carbon-carbon single bonds.  Figure 7, below, shows ATR-FTIR spectra showing the 
depletion of the reactive carbon-carbon double bond during a 65°C polymerization of a 
representative sample.  For this, absorbance is plotted against wavenumber (cm-1) as time 
progresses. 
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Figure 7:  Depletion of Carbon-Carbon Double Bond Peak during 65°C Cure 
 
 
 
 When the area of the reactive carbon-carbon double bond peak is normalized to a 
reference peak and analyzed, fractional conversion as a function of time can be 
determined.  Fractional conversion is given by the following equation: 
αୢୠ ൌ 1 െ ቆ
Aሺtሻଵ଺ଷ଴
Aሺt ൌ 0ሻଵ଺ଷ଴
ቇ ቆ
Aሺt ൌ 0ሻ୰ୣ୤
Aሺtሻ୰ୣ୤
ቇ 
For this analysis, the reference peak employed was located at 3300 cm-1.   Figure 8 shows 
the change of fractional conversion with time for this sample as cured at 65°C.  As can be 
seen, complete conversion (~95%) is seen after 13 hours. 
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Figure 8:  Fractional Conversion with Time for Selected Gel during 65°C Cure 
 
 
 
 3.3.2  Glass Transition Temperature 
 
 In order to determine the nature of the viscoelastic transitions being observed, a 
multiple frequency sweep was performed on one of the samples, the results of which are 
shown below in Figure 9.  Here, the loss modulus of the sample is plotted against 
temperature for a number of frequencies of vibration. 
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Figure 9:  Frequency Scan of Formulation 2 to Determine Transition Type 
 
 
 
 The frequency scan yields shifts in loss modulus peaks that can be fit to an 
Arrhenius relationship.  This analysis revealed the two transitions to both be α-transitions 
– the lower temperature transition has Ea = 209.7 kJ/mol and the higher temperature 
transition has Ea = 191.7 kJ/mol.  The presence of two glass transition temperatures 
points to micro-scale phase separation, as this sample is not visibly phase separated. 
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Table 6:  Summary of Glass Transition Temperatures 
 
 
 
 
 Temperature sweeps were performed on ILG formulations, for which glass 
transition temperatures were taken to be loss modulus maxima.  It was found that 
numerous formulations exhibited phase separation, particularly samples that contained 
high concentrations of both VE-DGEBA and AMPS, and is expected to be a result of 
increased hydrophobic-hydrophilic interactions.  Table 6, above, gives both of the glass 
transition temperatures for all samples tested.  Figure 10, below, shows the effect of VE-
DGEBA and [EMIM][EtSO4] on Tg for samples without AMPS.  As the VE-DGEBA 
content increases, which simultaneously corresponds to decreases in [EMIM][EtSO4] 
concentration, the glass transition shifts slightly to higher temperatures.  Additionally, the 
presence of a second glass transition, verified as discussed previously, becomes more 
pronounced. 
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Figure 10:  Effect of VE-DGEBA and [EMIM][EtSO4] on Formulations Without AMPS 
 
 
 
 The effect of VE-DGEBA content on samples with intermediate and high 
AMPS:[EMIM][EtSO4] ratios are similar – as VE-DGEBA becomes more prominent, the 
Tg increases correspondingly.   This can be seen in Figure 20 and Figure 21, available in 
Appendix B, on page 49.  This effect is to be expected – Tg increases with cross-linker 
concentration.  The phase separation behavior seen follows the expected trend as well –
phase separation becomes more pronounced for formulations with a higher AMPS:VE-
DGEBA ratio, which corresponds to a higher degree of hydrophobic-hydrophilic 
interactions. 
 Conversely, as the plasticizing [EMIM][EtSO4] decreases in concentration at a 
fixed AMPS:VE-DGEBA ratio, the Tg is elevated.  Figure 10 also shows the effect of 
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increasing [EMIM][EtSO4] content.  Available in Appendix B, Figure 22 and Figure 23 
also show the effects of [EMIM][EtSO4] on viscoelastic behavior.  The effects of AMPS 
on Tg are similar to the effects of VE-DGEBA: as AMPS concentration increases, Tg 
increases correspondingly.  This effect can easily be seen below, in Figure 11.  Figure 24 
and Figure 25 also show this trend, and are available in Appendix B on page 48.  
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Figure 11:  Effect of AMPS on Formulations with 
Intermediate [EMIM][EtSO4]:VE-DGEBA Ratio 
 
 
 
 In order to improve the properties of the ILGs, an sIPN was employed.  As 
previously discussed, a sample containing a small amount of Poly-AMPS was created.  
The effect of this change on the viscoelastic behavior of the gel is shown below in Figure 
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12, which shows normalized loss modulus data for the sIPN and a sample with the same 
VE-DGEBA:[EMIM][EtSO4]:AMPS ratios but no Poly-AMPS.  It can be seen that the 
sIPN sample has a slightly increased glass transition temperature. 
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Figure 12:  Effect of Poly-AMPS Inclusion on Viscoelastic Properties 
 
 
 
 3.3.3  Elastic Modulus in Compression 
 
Samples were tested in compression to determine compressive modulus, and a 
summary of these values can be found in Table 7, below.  As previously discussed, 
samples were prepared such that the effects of individual components could be isolated: 
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two components’ mass and molar ratios are held constant while the third is allowed to 
vary. 
 
 
 
Table 7:  Summary of Compressive Modulus Data 
 
 
 
 
 Figure 13, below, shows the effects of increased VE-DGEBA content.  Samples 
represented here as diamonds have no AMPS in the system, and increase consistently 
with VE-DGEBA content.  Samples shown as squares have intermediate AMPS content, 
and samples shown as diamonds have high AMPS content.  As will be discussed below, 
AMPS content appears initially to improve the compressive modulus but acts as a 
plasticizer in sufficiently high concentrations, which accounts for the downward shift in 
compressive modulus for high AMPS contents.  Generally speaking, the compressive 
modulus of these gels increases as more cross-linking agent is included, but only to a 
point.  At sufficiently high concentrations for samples containing AMPS, phase 
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separation becomes more of a factor – these samples phase separate on a macroscopic 
scale and are opaque or translucent upon gellation – and depressed compressive moduli 
are observed. 
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Figure 13:  Effect of Increasing VE-DGEBA, 
[EMIM][EtSO4]:AMPS Ratio held Constant 
 
 
 
 Shown in Figure 14, the effect of the [EMIM][EtSO4] can be seen.  Since the 
RTIL included in these gels does not react, the volume taken up by [EMIM][EtSO4] 
directly impacts the cross-link density of these gels, acting to displace VE-DGEBA.  As 
can be seen below, increases in RTIL content result in decreased compressive modulus. 
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Figure 14:  Effect of Increasing [EMIM][EtSO4], 
VE-DGEBA:AMPS Ratio held Constant 
 
 
 
 The effects of AMPS on compressive modulus are more complex, and are likely 
linked heavily to phase separation.  Compressive modulus as a function of AMPS 
concentration is shown below, in Figure 15.  Please note that for this, samples with the 
highest [EMIM][EtSO4]:VE-DGEBA ratio are plotted on the right axis, due to their low 
compressive modulus; higher VE-DGEBA:[EMIM][EtSO4] ratios generally resulted in 
higher compressive moduli.  For samples with lower VE-DGEBA:[EMIM][EtSO4] ratios, 
the highest AMPS contents have lower compressive moduli.  Much of the effects of 
AMPS on compressive modulus can be linked to phase separation – samples with the 
highest AMPS:[EMIM][EtSO4] ratio tend to phase separate more.  Finally, the sIPN 
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sample, containing a small amount of Poly-AMPS shows depressed compressive 
modulus as compared to the sample with the same VE-DGEBA:[EMIM][EtSO4]:AMPS 
ratios but no Poly-AMPS.  This is to be expected, as the Poly-AMPS would serve as a 
plasticizing agent. 
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Figure 15:  Effect of Increasing AMPS, 
VE-DGEBA:[EMIM][EtSO4] Ratio held Constant 
 
 
 
 3.3.4  Through-Plane Ionic Conductivity 
 
Ionic conductivity values for dry ILGs prepared in this study are presented in 
Figure 16, a numerical summary of which appear in Table 8.  Ionic conductivities appear 
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in clusters when plotted this way, where each of these clusters corresponds to samples 
with the same VE-DGEBA:[EMIM][EtSO4] ratio, with increases in AMPS content 
resulting in decreased ionic conductivity.  While this seems initially counterintuitive, 
increases in AMPS content result in an increased Tg, as previously discussed.  This effect 
limits ion mobility and negatively impacts ionic conductivity.  As discussed in Chapter 4, 
a rigorous investigation into the effects of temperature could elucidate this phenomenon. 
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Figure 16:  Through-plane Conductivity for Dry ILG 
Formulations Tested at Room Temperature 
 
 
 
 The data presented in Figure 16 is plotted on a semi-log plot and appears largely 
linear, barring the impact of varied glass transition temperature, indicating an exponential 
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relationship between ionic conductivity and IEC.  For this, a least-squares regression has 
a good r2 value (0.905), supporting this relationship.  Similar samples have been prepared 
in the absence of [EMIM][EtSO4], as described elsewhere, and have markedly higher 
ionic conductivities for similar IEC – ranging from ~0.001 S/cm to ~0.01 S/cm in the IEC 
range of 1 mol/L to 2.5 mol/L34.  It should be noted, however, that these neat VE-
DGEBA:AMPS gels were nanoporous and were allowed to equilibrate in DI water prior 
to ionic conductivity testing. 
 
 
 
Table 8:  Summary of Through-plane Ionic Conductivity Data 
 
 
 
 
3.3.5  Thermal and Environmental Stability 
 
 Ionic liquid gels were tested for thermal and environmental stability.  A table 
summarizing thermal decomposition temperatures for these ILGs is shown below.  The 
gels proved to have good thermal stability, with decomposition temperatures at 5% 
weight loss ranging from 208.6°C to 274.6°C, indicating that these gels could be 
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maintained well above 100°C for prolonged periods of time.  Representative thermal 
decomposition curves are available, shown in Figure 26 on page 55. 
 
 
 
Table 9:  Summary of Thermal Decomposition Temperature Data 
 
 
 
 
 Environmental testing was performed on samples by submersing them in DI water 
for a period of days and allowing them to equilibrate.  A summary of these observations 
are available in Table 10, in Appendix B on page 56.  It was found that samples with high 
[EMIM][EtSO4] content immediately leached RTIL into the water upon submersion, 
while samples with intermediate content visibly leached RTIL later, after a period of days.  
Numerous samples became opaque after a sufficiently long time submersed in water, 
while others developed cracks from the physical stresses of swelling in water.  All 
samples became more brittle after exposure to water.  As previously discussed, numerous 
samples leach RTIL when exposed to atmospheric water, increasing brittleness with time.  
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These observations point to the need to process, store, and operate these gels in a 
sufficiently dry environment. 
 
3.3.6  Phase separation 
 
 As previously discussed, samples exhibit macro-scale phase separation when their 
compositions produce significant hydrophobic-hydrophilic interactions.  These occur 
most substantially for samples containing high VE-DGEBA concentrations and high 
[EMIM][EtSO4] concentrations, as shown in Figure 17. 
 
 
 
 
Figure 17:  Macro-Scale Phase Separation Diagram 
 
 
 
As was discovered through the viscoelastic behavior of these gels, samples 
without visible phase separation still exhibit micro-scale phase separation.  The 
verification of this phenomenon was desired through microscopy techniques: FE-SEM 
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was employed to view the liquid nitrogen fractured surfaces of a number of samples.  As 
can be seen in Figure 18, below, micro-scale phase separation was visible, confirming the 
viscoelastic behavior data. 
 
 
 
 
Figure 18:  SEM of Fracture Surface Showing Phase Separation 
 
 
 
Due to the wide range of available morphologies, from micro- to macro-scale 
phase separation with changes in composition, the effect of phase separation on 
mechanical and ionic properties warrants further investigation.  Further SEM images of 
phase separated samples are available in Appendix C. 
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Chapter 4:  Conclusions and Recommendations 
 
4.1  Conclusions 
 
The purpose of this study was to investigate the viability of cross-linked ionic 
liquid gels for applications requiring high mechanical strength and ionic conductivity.  
ILGs were produced through the copolymerization of VE-DGEBA with AMPS in the 
presence of the mutual solvent [EMIM][EtSO4].  A consistent procedure was developed 
for the production of these gels, and their viscoelastic, mechanical, and ionic conductivity 
properties were investigated. 
 It was found through ATR-FTIR that complete carbon-carbon double bond 
conversion took place after ~13 hours at 65°C.  The viscoelastic behavior of these gels 
showed multiple glass transitions, as determined through an activation energy 
determination.  This phenomenon pointed to micro-scale phase separation, and was 
confirmed via FE-SEM.  The presence of multiple glass transition temperatures became 
more pronounced as the AMPS:VE-DGEBA ratio increased, obviating the influence of 
hydrophobic-hydrophilic interactions.  Tg was found to increase with cross-linker content 
as well as with linear monomer concentration and decreased as expected with increasing 
RTIL concentration.  All ILGs had a primary glass transition temperature between -80°C 
and 5°C, while a second glass transition occurred at temperatures ranging from -54°C for 
samples with low VE-DGEBA concentration to 64°C for samples containing high 
concentrations of VE-DGEBA. 
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 The compressive moduli of ILGs ranged significantly, from 2 MPa to 1127 MPa.  
It was found that Ec increased with VE-DGEBA content, but decreased again as phase 
separation became significant.  Simultaneously, Ec decreased as the plasticizing RTIL 
concentrations increased.  Through-plane ionic conductivity proved promising for dry 
membranes, with numerous formulations exhibiting ionic conductivities on the order of 
1·10-3 S/cm at room temperature.  If tested at high temperatures, these values should only 
improve.  It was also observed that ionic conductivity increased with sulfonic acid 
concentration, but decreased with AMPS content – likely the result of increased Tg.  It 
was also found that an sIPN produced through the inclusion of small amounts of Poly-(2-
Acrylamido-2-Methyl-1-Propanesulfonic Acid) decreased brittleness, while maintaining 
similar Tg, compressive modulus, ionic conductivity, and thermal stability. 
  
  
4.2  Recommendations 
 
The ILGs presented in this work have a wide range of properties and prove 
promising for use in fuel cells, but further investigation into the properties of these gels is 
warranted. 
As previously discussed, the presence of water has a significant impact on the 
physical properties of these gels.  Since water is produced during fuel cell operation, a 
better understanding of the changes in mechanical and conductivity properties is 
necessary: a full VFT study on these ILGs and mechanical testing of samples exposed to 
water are warranted.  ILGs produced here tend to leach [EMIM][EtSO4] when exposed to 
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water, which might be used to produce porous membranes, further investigation into this 
is warranted.  MEA assembly and fuel cell testing should be performed; numerous 
formulations result in brittle ILGs, which is not ideal for use in a fuel cell.  A brief 
discussion of property improvement through application of an sIPN was discussed, and 
further investigation is warranted. 
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Appendix A:  Image of Samples 
 
 
 
 
 
 
 
Figure 19:  Image of ILG Produced in this Study 
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Appendix B:  Additional Supporting Tables and Figures 
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Figure 20:  Effect of VE-DGEBA on Formulations with Intermediate AMPS Content 
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Figure 21:  Effect of VE-DGEBA on Formulations with High AMPS Content 
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Figure 22:  Effect of [EMIM][EtSO4] on Formulations with 
Intermediate AMPS:VE-DGEBA Ratio 
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Figure 23:  Effect of [EMIM][EtSO4] on Formulations 
with High AMPS:VE-DGEBA Ratio 
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Figure 24:  Effect of AMPS on Formulation with 
Low [EMIM][EtSO4]:VE-DGEBA Ratio 
  
54 
 
 
0
0.2
0.4
0.6
0.8
1
1.2
-100 -50 0 50 100
TS-01
TS-04
TS-08
TS-11
TS-13
N
or
m
al
iz
ed
 L
os
s 
M
od
ul
us
 (M
P
a/
M
P
a)
Temperature (°C)
 
Figure 25:  Effect of AMPS on Formulations with 
High [EMIM][EtSO4]:VE-DGEBA Ratio 
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Figure 26:  Representative Thermal Decomposition Curves 
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Table 10:  Summary of Environmental Stability Observations 
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Appendix C:  Additional SEM Micrographs 
 
 
  
 
 
Figure 27:  SEM Micrograph of Formulation 1, 483x Magnification 
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Figure 28:  SEM Micrograph of Formulation 1, 2500x Magnification 
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Figure 29:  SEM Micrograph of Formulation 2, 500x Magnification 
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Figure 30:  SEM Micrograph of Formulation 2, 2500x Magnification 
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Figure 31:  SEM Micrograph of Formulation 3, 500x Magnification 
  
  
 
Figure 32:  SEM Micrograph of Formulation 3, 2500x Magnification 
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